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Abstract
Differential cyp19 aromatase expression during development leads to sexual dimorphisms in the
mammalian brain. Whether this is also true for fish is unknown. The aim of the current study has been to
follow the expression of the brain-specific aromatase cyp19a2 in the brains of sexually differentiating
zebrafish. To assess the role of cyp19a2 in the zebrafish brain during gonadal differentiation, we used
quantitative reverse transcriptase-polymerase chain reaction and immunohistochemistry to detect
differences in the transcript or protein levels and/or expression pattern in juvenile fish, histology to
monitor the gonadal status, and double immunofluorescence with neuronal or radial glial markers to
characterize aromatase-positive cells. Our data show that cyp19a2 expression levels during zebrafish
sexual differentiation cannot be assigned to a particular sex; the expression pattern in the brain is similar
in both sexes and aromatase-positive cells appear to be mostly of radial glial nature. Developmental
Dynamics 236:3155-3166, 2007. (c) 2007 Wiley-Liss, Inc.
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Abstract 
Differential cyp19 aromatase expression during development leads to sexual 
dimorphisms in the mammalian brain. If this is also true for fish is unknown. Aim of the 
current study has been to follow the expression of the brain specific aromatase, cyp19a2,
in the brains of sexually differentiating zebrafish. To assess the role of cyp19a2 in the 
zebrafish brain during gonadal differentiation, we employed Q-PCR and 
immunohistochemistry to detect differences in the transcript or protein levels and/or 
expression pattern in juvenile fish, histology to monitor the gonadal status and double 
immunofluorescence with neuronal or radial glial markers to characterize aromatase 
positive cells. Our data show that cyp19a2 expression levels during zebrafish sexual 
differentiation cannot be assigned to a particular sex; the expression pattern in the brain is 
similar in both sexes and aromatase positive cells appear to be mostly of radial glial 
nature. 
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Abbreviations 
A Anterior thalamic nucleus 
APN  accessory pretectal nucleus 
ATN anterior tuberal nucleus 
AON anterior octaval nucleus 
CCe cerebellar corpus 
CO optic chiasm 
CP central posterior thalamic nucleus 
Cpost posterior commissure  
D dorsal telencephalic area 
Dc central zone of dorsal telencephalic area  
Dd dorsal zone of dorsal telencephalic area 
DiV diencephalic ventricle 
DI lateral zone of dorsal telencephalic area 
Dm medial zone of dorsal telencephalic area 
Dp posterior zone of dorsal telencephalic area 
DTN dorsal tegmental area 
ECL external cellular layer of olfactory bulb 
ENd entopenducular nucleus, dorsal part 
ENv entopenducular nucleus, ventral part 
EG granular eminence 
FR habeno-interpenducular tract 
GL glomerular layer of olfactory bulb 
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Hc caudal zone of periventricular hypothalamus 
Hd dorsal zone of periventricular hypothalamus 
Hv ventral zone of periventricular hypothalamus 
ICL internal cellular layer of olfactory bulb 
IMRF intermediate reticular formation 
LCa caudal lobe of cerebellum 
LLF lateral longitudinal fascicle 
LOT lateral olfactory tract 
MLF medial longitudinal fascicle 
MON medial octavolateralis nucleus 
MOT medial olfactory bulb 
NIn interpenducular nucleus 
NLL nucleus of the lateral lemniscus 
NLV nucleus lateralis valvulae 
NMLF nucleus of the medial longitudinal fascicle 
OT optic tract 
PG preglomerular area 
PGl lateral preglomerular nucleus 
Pit pituitary 
PL perilemniscal nucleus 
PM magnocellular preoptic nucleus 
PO posterior pretectal nucleus 
PPa parvocellular preoptic nucleus, anterior part 
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PPp parvocellular preoptic nucleus, posterior part 
PTN posterior tuberal nucleus 
PR Posterior recess of diencephalic ventricle 
SC suprachiasmatic nucleus 
TeO optic tectum 
TL longitudinal torus 
TLa lateral torus 
TPM pretecto-mammillary tract 
TPp periventricular nucleus of posterior tuberculum 
TSc central nucleus of semi-circular torus 
TSvl ventrolateral nucleus of semicircular torus 
TTB tecto-bulbar tract 
V ventral telencephalic area 
Val lateral division of valvula cerebelii 
Vc central nucleus of ventral telencephalic area 
Vd dorsal nucleus of ventral telencephalic area 
Vl lateral nucleus of ventral telencephalic area 
VL ventrolateral thalamic nucleus 
VM ventromedial thalamic nucleus 
Vs supracommissural nucleus of ventral telencephalic area 
Vv ventral nucleus of ventral telencephalic area 
VIII occulomotor nerve 
ZL zona limitans 
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Introduction 
 The classical concept of sexual differentiation of mammals and birds states that 
the chromosomal sex determines the type of gonad, whose type of hormonal secretions 
later on affect the differentiation of non-gonadal tissue, such as the brain (Arnold et al., 
2004). The factor that controls male gonadal development appears to be a single gene on 
the Y chromosome called SRY. This gene produces an enzyme called testis-determining-
factor, which causes the undifferentiated gonads to become testes and if the gene is not 
present, they become ovaries (Welshons and Russell, 1959, Sinclair et al., 1990, 
Koopman et al., 1991). Once a testis develops, testosterone secretion affects the 
differentiation of somatic tissue such as the internal sex organs (Haseltine and Ohno, 
1981, Wilson et al., 1981) and brain (MacLusky and Naftolin, 1981, Lephart, 1996) in a 
sexually dimorphic manner. Thus, in birds and mammals, gonadal differentiation is 
genetically determined and precedes the sexual differentiation of somatic tissue. Unlike 
the classic view of sexual differentiation where hormones are the only mediator in the 
differentiation of somatic tissue, more recent evidence suggests that genetic elements 
might act before the gonadal hormone surge and sexually differentiate non-gonadal 
organs (reviewed by Wilson and Davies, 2007). 
 Sexual dimorphisms have been described in the brain of many vertebrate species, 
particularly in birds and mammals, including humans (for reviews see Arnold and 
Breedlove, 1985, MacLusky and Naftolin, 1981, Cooke et al., 1998, Carrer and 
Cambiasso, 2002), but also in fish (Forlano et al., 2001, Lauer et al., 2006, Ohya and 
Hayashi, 2006, Rodriguez et al., 2003, Parhar et al., 2001, Munz, 1999), including 
zebrafish (Ampatzis and Dermon, 2007). The essential role of these dimorphisms in the 
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adult brain is: (i) to regulate the hypothalamus-pituitary-gonadal (HPG) axis 
gonadotropin secretions in a gender specific manner (Dudas and Merchenthaler, 2006) 
and (ii) to induce sex-specific behaviors (Lephart, 1996). A key element in the shaping of 
sexual dimorphisms in the brain of higher vertebrates is the enzyme cytochrome P450 
(CYP19) aromatase which converts androgens to estrogens (MacLusky and Naftolin, 
1981, Lephart, 1996, Simpson et al., 1994). In higher vertebrates, sexual dimorphisms in 
the brain are achieved by differential, between sexes, activity, expression or distribution 
of the aromatase enzyme during a short period in development. During a certain 
developmental period - in most species this is postnatal- aromatase expression and/or 
activity in males shows a transient increase in specific regions of the brain such as the 
bed nucleus of the stria terminalis (BNST), preoptic area (POA)-hypothalamus and 
amygdala (Sholl and Kim, 1990, Roselli and Resko, 1986, MacLusky et al., 1985, 
Hutchison et al., 1997, Hutchison et al., 1990, Tsuruo et al., 1994, Lauber et al., 1997, 
Hutchison et al., 1994, Karolczak et al., 1998, Ivanova and Beyer, 2000). While this 
developmental expression pattern of aromatase and its implication on sexual 
dimorphisms has been quite extensively studied in mammals and birds, the role of 
aromatase expression during ontogeny in establishing sexual dimorphisms in the fish 
brain remains elusive.  
 The mode of gonadal differentiation in fish is strictly species-dependent. 
Although a XX/XY sex determining genetic element has been known to exist in species 
such as the Nile tilapia (Harvey et al., 2003), the Japanese flounder (Kitano et al., 1999) 
and the medaka (Papoulias et al., 2000), in many other fish species this information is 
lacking. With respect to the development of phenotypic sex, some fish species directly 
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develop male or female gonads, while others go through a functional or non-functional 
hermaphroditic stage (Segner, 2006). In this case the functional sex can change from 
male to female (protandry), or from female to male (protogyny) (Kroon et al., 2005). In 
contrast to mammalian models of development, where aromatase expression in the brain 
is triggered by gonadal secretions, the same does not hold true for many fish species, as 
aromatase expression in the brain increases before gonadal differentiation and the 
subsequent release of gonadal hormones (Matsuoka et al., 2006, Tomy et al., 2007). 
Further, although it is known that the brain of many adult fish display sexual 
dimorphisms (Forlano et al., 2001, Lauer et al., 2006, Ohya and Hayashi, 2006, 
Rodriguez et al., 2003, Parhar et al., 2001, Munz, 1999, Ampatzis and Dermon, 2007), 
the role of aromatase expression during development in shaping these sexual 
dimorphisms is not understood.  
 Zebrafish is a species which shows non-functional juvenile protogyny (Maack and 
Segner, 2003) and for which to date no sex chromosome or sex-related genes have been 
determined (Wallace and Wallace, 2003). However, a number of genes have been linked 
to the process of gonadal differentiation in zebrafish such as sox9a and sox9b (Chiang et 
al., 2001a), Anti-Müllerian Hormone (amh) (von Hofsten et al., 2005, Rodriguez-Mari et 
al., 2005), genes homologous to the Drosophila fushi tarazu factor 1 (ftz-f1) and 
aromatase (reviewed by von Hofsten and Olsson, 2005). Like most teleost fish, zebrafish 
have two aromatase genes, cyp19a1 and cyp19a2, predominantly expressed in the ovaries 
and brain, respectively (Chiang et al., 2001b, Chiang et al., 2001c, Tong et al., 2001, 
Kishida and Callard, 2001). Similar to other fish, transcript abundance of cyp19a2 has 
been shown to be expressed before gonadal differentiation, but what is even more 
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interesting is the fact that this early expression is dimorphic (Trant et al., 2001). Trant et 
al. (2001) suggested that this differential expression dictates the pathway for phenotypic 
sex. Other authors have also proposed that the differentiation of the zebrafish gonad 
could be orchestrated from the brain (Guo et al., 2004).  
 The aim of the current study has been to explore the role of the brain-specific 
cyp19a2 aromatase in zebrafish before and during sexual differentiation. More 
specifically, we tested the hypothesis, originally proposed by Trant et al. in 2001, that 
cyp19a2 can guide phenotypic sex changes in this species. A second question posed was 
whether cyp19a2 is expressed in a sexually dimorphic fashion that could account for 
morphological sexual dimorphisms in the adult. To this end, we have used quantitative 
RT-PCR to assess transcript levels before and during the process of sexual differentiation, 
and assigned these to a particular phenotypic sex. Further, we used 
immunohistochemistry to identify possible differences in the distribution or intensity of 
the protein between sexes during the same stage. Our results do not support the notion 
that cyp19a2 can guide gonadal differentiation. In addition, aromatase-immunoreactive 
cells were expressed in brain areas similar to those described in the adult while no 
evidence of a sexually dimorphic distribution pattern was found. Finally, to further 
explore the role of cyp19a2 in the zebrafish brain, we have performed double-
immunofluorescence staining with neuronal and radial glial markers to understand the 
nature of the cells expressing this enzyme. 
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Results 
Quantitative relationship between cyp19a2 levels and gonadal status 
 Zebrafish are undifferentiated gonochorists, meaning that they first develop a 
non-functional protogynic ovary (stage I oocytes) which either undergoes transition to 
become testicular tissue or further develops to functional ovary (Maack and Segner, 
2003). During early stages of gonadal differentiation, the protogynic ovary is bi-potential. 
Animals can still undergo transition to testis for a certain period of time.  
 Before the onset of sexual differentiation, at 20dpf (days post fertilization), our 
fish exhibited two cyp19a2 expressing populations, namely the high and the low cyp19a2 
expressing animals (Figure 1A), in accordance with the observation of Trant et al. (2001). 
Histological evaluation of the gonadal status confirmed that at this age the protogynic 
ovary is not formed yet (Figure 1B). The ontogenetic profile of cyp19a2 expression 
during the period of sexual differentiation, which in our fish occurred between 30 and 
50dpf, revealed that transcript levels at 30 dpf are higher than at 20dpf, increase slightly 
until 45dpf, and significantly at 50dpf. Transcript levels at 50dpf were significantly 
higher when compared to all previous time points (Figure 2). 
 Assigning individual cyp19a2 expression levels to a gonadal phenotype (stage I 
oocyte, testis, stage I oocyte undergoing transition to testis-Figure 3) revealed that 
cyp19a2 mRNA levels do not correlate with gonadal sex. We were not able to support the 
hypothesis that high/low expression levels correlate with either a female or male 
phenotype, suggesting an intrasexually variable expression pattern. At 30dpf there is a 
trend of males having a lower expression than stage I oocyte females (Wilcoxon test 
P<0.055, Figure 2). Still, no assumptions can be drawn from this result, as 30dpf ‘stage I 
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oocytes’ can still undergo transition to testis. Instead, both sexes contributed equally to 
the high and low cyp19a2 expression populations (Figure 2). For example, the mean 
normalized expression (MNE) of zebrafish that had formed a testis, ranged from 5.47E-06 
to 2.85E-04 in 30dpf, from 6.08E-06 to 1.18E-03 in 35dpf, from 5.11E-05 to 2.53E-03 in 40dpf, 
from 2.00E-05 to 2.80E-03 in 45dpf and from 8.01E-05 to 6.92E-03 in 50dpf fish. In other 
words, the expression levels reached a maximum of 1000-fold difference among fish of 
the same age, which matched for the status of gonadal development. At 50dpf, expression 
became less variable with only one or two individuals per gender group having an 
expression 10-100 fold less than average. At the same stage, males express 10-fold less 
cyp19a2 mRNA compared to adults (Kallivretaki et al., 2006). Thus, it becomes clear 
that both sexes contribute to high and low cyp19a2 expression populations during 
gonadal development. Finally, the pattern of cyp19a2 expression did not correlate, 
besides sex, with fish length either (data not shown).  
 
cyp19a2 protein levels in the brains of sexually differentiating zebrafish 
 As there was no clear correlation between cyp19a2 mRNA levels and sex, we 
investigated, by means of immunohistochemistry, whether the intrasexual variations are 
reflected on the protein level. We chose to perform this study by means of 
immunohistochemistry as Western blots comparing CYP19A2 levels or activity assays 
from the heads of individual animals are not technically feasible due to the high starting 
material necessary for the preparation of microsomal fractions. To this end, we selected 
to study animals at 40dpf because at this stage there is still enormous individual variation 
on the mRNA expression levels (Figure 2), making it possible to detect potential 
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differences at the protein level that are caused by posttranslational modifications. Five 
males and five fish containing presumptive ovaries (stage I oocyte at this stage is still 
possible to reverse to testis) females were chosen on the basis of the histological 
evaluation of their gonads. The heads of these animals were used in 
immunohistochemistry using a zebrafish specific anti-CYP19A2 antibody. The intensity 
of CYP19A2 staining varied between sexes as much as it did on the transcript level, 
pointing to a correlation between mRNA expression and protein levels. Interindividual 
variation was high within sexes and did not differ between them. One such example of 
interindividual variation is presented in Figure 4, where the area surrounding the ventral 
zone of the periventricular hypothalamus of two females and two males is compared for 
CYP19A2 intensity.  
 
Distribution of CYP19A2-immunoreactive cells in developing zebrafish 
 As the effect of CYP19A2 expression on the shaping of sexual dimorphisms can 
be attributed either to the levels or pattern of distribution in the developing brain, we 
decided to test the second hypothesis as well. CYP19A2-immunoreactive (-ir) cells in the 
brain of 40dpf and 50dpf zebrafish were distributed mainly in the telencephalon (cells 
lining the telencephalic ventricles, olfactory bulbs, magno- and parvocellular preoptic 
nucleus, optic chiasm and suprachiasmatic nucleus), diencephalon (thalamic nucleus, 
posterior tuberculum, tuberal nucleus, zona limitans and hypothalamus) and the pituitary. 
At 50dpf there was additional staining at the hindbrain (cerebellum). Micrographs of such 
staining in 40dpf fish are presented in Figure 5 while drawings of CYP19A2 distribution 
in the juvenile zebrafish brain are presented in Figures 6 and 7. 
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The pattern of CYP19A2 distribution in the brains of developing zebrafish is 
almost identical to that of adults (Menuet et al., 2005). However, there are also 
differences. Starting from the olfactory bulbs, the glomerular layer (GL) is CYP19A2-ir 
(Figure 6A). In the adult, cells surrounding the medial zone of the dorsal and lateral 
telencephalic areas (Dm, Dl) send processes that seem to end up at the posterior zone of 
the dorsal telencephalic area (Dp, Menuet et al., 2005), while in juvenile fish this pattern 
of expression is completely absent (Figure 6D). The cells in the postcommissural nucleus 
of the ventral telencephalic area (Vp) bordering the telencephalic ventricle, which in the 
adult send processes that reach up to the central zone of the dorsal telencephalic area (Dc), 
are hardly positive in young fish and do not send any processes (Figure 6E). One 
similarity between the different stages is the number and staining intensity of the 
CYP19A2-ir cells in the anterior part of the parvocellular preoptic nucleus (PPa) and 
their long processes (Figure 5A, 6E). Further caudal in the telencephalon, 
immunoreactive cell bodies and processes are seen in the optic chiasm (CO), 
suprachiasmatic nucleus (SC), magnocellular preoptic nucleus (PM) and the posterior 
part of the parvocellular preoptic nucleus (PPp, Figure 5B, 6F). 
 In the diencephalon, the ventromedial thalamic nucleus (VM), the periventricular 
nucleus of the posterior tuberculum (TPp), the zona limitans (ZL) and the ventral zone of 
the periventricular hypothalamus (Hv) contain immunoreactive cell bodies that send 
projections to the ventral surface of the brain, similar to the adult, but not to the same 
extend as in older ages (Figure 6G). Interestingly, when looking further caudal, the optic 
tectum (TeO) is completely devoid of staining; in contrast to what is know about the 
adult brain (Menuet et al., 2005), Figure 6H). The diencephalic ventricle (DiV) is much 
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smaller at the level of the pituitary (Pit) and so the many positive cell bodies in the 
anterior and posterior tuberal nucleus (ATN-PTN), and possibly the dorsal zone of the 
periventricular hypothalamus (Hd), send direct projections to the border of the brain 
facing the pituitary, after crossing the lateral hypothalamic nucleus (LH, Figure 6H). 
Another finding was that the caudal zone of the periventricular hypothalamus (Hc) 
contains a large number of positive cell bodies that are connected in a special manner that 
has not been reported in the adult. This arrangement consists of two to three lines of 
immunoreactive cell bodies parallel to each other that are interconnected with small 
processes to one another (Figure 5D). We further show here for the first time the cells in 
the pituitary that express CYP19A2 (Figure 5C). Immunoreactivity in the pituitary (Pit) is 
restricted to cells of the neurohypophysis that are in contact with the hypothalamus. 
Finally, there are no immunopositive cells in any other part of the brain except the 
cerebellum at 50dpf (Figure 6L).  
 
Qualitative relationship between CYP19A2 positive nuclei and gonadal status 
 We additionally investigated the relationship between the neuroanatomical 
localization of brain aromatase and gonadal differentiation status in zebrafish at 50 dpf. 
At this stage, individual variation of cyp19a2 expression was the least (Figure 2) which 
should facilitate the detection of possible gender differences in CYP19A2 
neuroanatomical localization. However, also at this stage, sexual dimorphisms in 
CYP19A2 distribution were not observed. 
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CYP19A2-ir cells are positive for radial glial but not for neuronal markers 
 Our data from our immunofluorescence studies using either a neuronal specific 
antibody (anti-HuC/D) or a marker of radial glial cells (BLBP) showed that CYP19A2-ir 
cells are mostly of radial glial nature but not all BLBP-positive cells are CYP19A2-
positive and vice versa. For example, the CYP19A2-ir cells lining the dorsal nucleus of 
the ventral telencephalic area (Vd) are also BLBP-ir although the cells further ventrally 
are not (Figure 8 A-C). A second example is that of the BLBP positive cells surrounding 
the optic tectum (TeO), magnocellular preoptic nucleus (PM-data not shown) which are 
not positive for CYP19A2 as well. In general, the staining against CYP19A2 never co 
localized with anti-HuC/D-ir cells (Figure 7). 
 
Discussion 
Aromatase as a guidance cue for phenotypic sex changes in zebrafish 
 The first aim of the present study focused on exploring the hypothesis, that in fish 
phenotypic sex changes are guided and/or influenced by the brain, as most mammalian 
counterparts of genes involved in sexual differentiation are duplicated in fish and 
expressed, besides the gonad, in the brain (Guo et al., 2004). Indeed, Trant et al. (2001) 
observed that already before the onset of gonadal differentiation cyp19a2 transcript levels 
displayed two clearly segregated populations (high and low) while gonadal cyp19a1 
levels remained constant. These authors interpreted this bimodal distribution of brain 
aromatase expression as a reflection of gonadal differentiation and proposed that, at least 
in zebrafish, gonadal differentiation can be guided by the expression levels of aromatase 
in the brain. In our studies, we were also able to confirm a bimodal distribution of brain 
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aromatase in 20 dpf zebrafish larvae and in addition we were able to show that at this 
developmental point the gonads were not yet sexually differentiated but contained mostly 
type1 and 2 germ cells (Figure 1) and only in rare cases were scarce perinucleolar 
oocytes present, based on the definitions of Maack and Segner (2003). Thus, in zebrafish 
cyp19a2 transcript levels display two distinct modes of expression before the onset of 
morphological gonad differentiation. However, since genetic sex markers in zebrafish are 
not known, it cannot be proven that the bimodal expression of cyp19a2 mRNA levels in 
the brain reflect an early sexual differentiation of the zebrafish brain, which then indeed 
may direct sexual differentiation of the gonads. Due to the aforementioned lack of 
appropriate genetic or histological markers, we have tried to overcome this obstacle by 
studying cyp19a2 expression when a marker is available, namely a differentiated gonad. 
Following the brain-specific aromatase during sexual differentiation (30-50dpf), our Q-
PCR data clearly showed that there is no correlation between a particular level of 
expression and gonadal phenotypic sex. For instance, in fish that had clearly developed a 
testis by 30-35dpf, cyp19a2 expression levels in the brain varied by up to a 1000-fold 
difference, pointing to intrasexual, rather than intersexual, variation.  
 
Aromatase expression and distribution in juvenile zebrafish-possible roles in developing 
sexual dimorphisms in the brain 
 In mammals, once the commitment to a specific sex has been taken, local 
aromatization of androgens to estrogens in the brain leads to pronounced masculinization 
of neuronal networks that result in male-specific neuronal morphology, control of 
reproductive behavior and patterns of gonadotropin secretion (Hutchison et al., 1997).  
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Initially shown by enzyme activity studies which were later confirmed by mRNA 
localization/quantification as well as immunohistochemistry, aromatase levels were 
consistently higher, mainly in the hypothalamus-POA of males in a number of species 
including rats (MacLusky et al., 1985, Lauber et al., 1997, Tsuruo et al., 1994), mice 
(Hutchison et al., 1994, Karolczak et al., 1998), and rhesus monkeys (Sholl and Kim, 
1990) but only for a short window in development. Higher transcript levels of aromatase 
in males have also been detected during ontogeny in brain nuclei not linked to 
reproduction such as the hippocampus (Ivanova and Beyer, 2000), making aromatase a 
possible link in the shaping of sex-specific behaviors. In birds, sexually dimorphic 
patterns of expression during development are species-dependent. For example, while 
male quail brains exhibit a higher aromatase activity both during development (Hutchison 
et al., 1990) and in the adult (Schlinger and Callard, 1987), no sex differences were 
evident in zebra finches (Perlman and Arnold, 2003).  
 In fish sexual dimorphisms in the brain have not been studied as much in detail as 
in mammals although several reports have established their existence in adult fish as well. 
Sexually dimorphic nuclei have been described in the dimorphic vocal-motor circuit of 
the plainfin midshipman (Forlano et al., 2001), killifish (Lauer et al., 2006), medaka 
(Ohya and Hayashi, 2006), brown trout (Rodriguez et al., 2003), goldfish (Parhar et al., 
2001), different strains of tilapia (Munz, 1999) and zebrafish (Ampatzis and Dermon, 
2007) but the contribution of aromatase to the shaping of these dimorphic nuclei has not 
been described.  
 The current study did not find evidence of sexually dimorphic CYP19A2 
expression or distribution in the Hypothalamus-POA, or any other area, in the brain of 
Page 17 of 50 Developmental Dynamics
John Wiley & Sons, Inc.
zebrafish undergoing sexual differentiation. This finding does not support a role of 
CYP19A2 in shaping sexual dimorphisms in the brain by exerting its effects during the 
particular developmental stage. If aromatase would indeed be involved in creating sexual 
dimorphisms in the brains of this species, then this event occurs probably later in the 
zebrafish ontogeny when circulating steroid levels are defined by gonadal secretions.  
 
Nature of CYP19A2-positive cells 
 Up to date, there was both evidence supporting the neuronal (Callard et al., 2001) 
and radial glial (Menuet et al., 2005) nature of aromatase positive cells in the brain of 
zebrafish. Our data support the notion that most aromatase positive cells are essentially 
radial glia that persist into adulthood, as a vast majority of them was BLBP positive. This 
confirms previous data showing that CYP19A2 positive cells express markers of radial 
glia such as GFAP (Forlano et al., 2001) or protein S-100 (Pellegrini et al., 2005). Radial 
glia can act as progenitor cells in the developing mammalian brain before disappearing in 
adults (Ever and Gaiano, 2005). Such cells persist in adult fish and recent findings 
showed that, in zebrafish, radial cells expressing BLBP (Adolf et al., 2006) or CYP19A2 
(Pellegrini et al., 2007) have the potential to act as progenitor cells in the adult brain. It 
would then be interesting to further study the relationship between adult neurogenesis in 
the zebrafish brain and the role of aromatase. At least part of the BLBP /CYP19A2 
positive cells, particularly those located in the hypothalamus, can be tanycytes. Tanycytes 
are bipolar cells of radial glial origin that in mammals, line the walls of the third ventricle 
surrounding the hypothalamic median eminence whose physiologic role remains largely 
unknown. They are mainly considered to control neuroendocrine functions by bridging 
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the cerebrospinal fluid (CNF) to the portal capillaries (Rodriguez et al., 2005, Lechan and 
Fekete, 2007).  
 
Possible role of brain-specific aromatase in zebrafish  
 So what do we know about the zebrafish cyp19a2? In the current work we 
describe that the transcript levels and protein distribution of aromatase in the brain of 
sexually differentiating fish is similar between sexes. Others have shown that, unlike 
other fish species where cyp19a2 mRNA, activity or immunoreactivity differs between 
genders in the adult brain (Melo and Ramsdell, 2001, Strobl-Mazzulla et al., 2005), in 
adult zebrafish there are practically no differences between sexes in the expression or 
distribution of aromatase (Trant et al., 2001, Tong et al., 2001, Goto-Kazeto et al., 2004, 
Menuet et al., 2005, Sawyer et al., 2006). Instead, it has been shown that in adult male 
zebrafish there is a pronounced individual variation in cyp19a2 levels (Trant et al., 2001, 
Goto-Kazeto et al., 2004, Kallivretaki et al., 2006) that is considered to reflect a 
behavioral/physiological status although not much is know about zebrafish behavior. 
Only recently some light on the mating/social behavior of zebrafish is being shed. In 
contrast to female fish, males show no visual preference towards males or females when 
presented with a picture of either sex, a behavior that has been linked to pheromones 
(Turnell et al., 2003). Additionally, male zebrafish exhibit two distinct mating tactics; 
territoriality and active pursuit of females, while the reproductive success of either 
depends on population density (Spence et al., 2006). Finally, it has been documented that 
males form dominant-subordinate hierarchies and the difference between the two is 
reflected on the levels of vasotocin immunoreactivity of the magnocellular preoptic 
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nucleus (Larson et al., 2006). It could be hypothesized that differences in the expression 
levels of brain aromatase may reflect the different mating or social behaviors. Especially 
the dominant-subordinate behavior could be regulated by cyp19a2 levels, as the 
magnocellular preoptic area is one of the major sites of brain aromatase expression in 
both adult (Menuet et al., 2005) and juvenile (current report) zebrafish. 
 In conclusion, in our study we found no evidence of any quantitative or 
qualitative differences in the expression levels or pattern of distribution of cyp19a2 
mRNA and protein in the developing zebrafish brain. Our results provide evidence 
against the hypothesis that zebrafish brain-specific aromatase, cyp19a2, is expressed or 
distributed in a sexually dimorphic manner during gonadal differentiation. Therefore, 
even if there are sex-specific differences in the adult zebrafish brain, those cannot be 
attributed to cyp19a2 dimorphic expression or distribution during the process of sexual 
differentiation. We were unable to provide conclusive support of the hypothesis that 
cyp19a2 can guide phenotypic sex changes during the same developmental period, as had 
been originally envisioned by Trant and co-workers (2001). Finally, our data showed that 
terminally differentiated animals exhibit high individual variation of transcript levels that 
can reach a 1000-fold difference, making it unlikely for aromatase to be involved in 
guiding gonadal changes. Finally, we have provided some further clues on the nature of 
aromatase positive cells by our double labeling experiments.  
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Experimental procedures 
Animal maintenance  
Zebrafish of the WIK strain were raised and maintained as previously described 
(Westerfield, 1995). Briefly, embryos were raised in E3 medium (5mM NaCl, 0.17mM 
KCl, 0.33mM CaCl2, and 0.33mM MgSO4) in petri dishes and transferred to tanks after 
five days. Larvae are fed by dry food, before being transferred to a flow through system 
at 15 days. 
 
Experimental design and sample collection 
For the determination of cyp19a2 transcript levels, a minimum of 25 juvenile fish 
were collected at five different time points throughout the process of gonadal 
differentiation (30, 35, 40, 45, 50dpf). After sacrificing in MS222, heads were stored in 
RNA later (Ambion, Cambridgeshire UK) for RNA extraction, while the bodies were 
fixed in 4% PFA for further histological processing. 
 For the expression pattern of the CYP19A2 protein in the brain we collected at 
least 25 juvenile zebrafish per time point (30, 35, 40, 45, 50dpf). Zebrafish heads were 
fixed in 4% PFA after euthanizing the animals in MS222, embedded in paraffin and 
sectioned at 10Sm.  
 
RNA extraction and quantitative Real Time RT-PCR 
For evaluation of cyp19a2 transcript abundance by quantitative Real Time RT-
PCR, brains were homogenized in a Polytron homogenizer and RNA extracted by TRIzol 
(Invitrogen, Basel Switzerland) for all stages except the 20dpf fish, in which case the 
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RNeasy kit was used (Qiagen, Hombrechtikon Switzerland). The resulting RNA was 
reverse-transcribed to cDNA with M-MLV RNase H minus (Promega, Wallisellen 
Switzerland). One Sg of the resulting RNA was reverse-transcribed to cDNA with M-
MLV RNase H minus (Promega) using random hexamers. Triplicates of samples 
containing 300nM of each TaqMan probe and 100nM of each primer in a 25Sl reaction 
were cycled in an MX 4000 (Stratagene, La Jolla, USA). Transcript levels were 
normalized against 18S, for which primers and TaqMan probes are commercially 
available (Applied Biosystems, Rotkreuz Switzerland). For the zebrafish cyp19a2 gene 
expression studies we used the following primers (forward 5’-GAC ACG CTC TCC ATC 
AGT CTG TTC TT-3’ and reverse 5’-CAT TCA GTT TCT GCA AGT CAG CA-3’) and 
TaqMan probe (5’-CTC GCG AGC CTA TCT GAG ACT GTA TCT CCT G-3’). For the 
estimation of 18S levels, cDNA was diluted 1:1000 in RNAse free water prior to addition 
to the 25Sl reaction. As internal standard for every PCR plate we used a pooled sample of 
cDNA from either brain or ovary, to determine interassay variability. The results were 
expressed as ‘mean normalized expression’ (MNE) ±SD, using the qgene.xls software 
(Muller et al., 2002), an excel based software that calculates expression based not only on 
threshold value differences between the gene of interest and reference gene, but further 
incorporates the amplification efficiency of each primer-probe set for more accuracy. The 
Wilcoxon test was used, whenever indicated, to compare gene expression levels.  
 
Histology, immunohistochemistry  
Bodies from fish older than 20dpf were fixed in 4% PFA, dehydrated in graded 
series of ethanol (70-100%) and embedded in paraffin. 5-6Sm thick sections were 
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prepared with a microtome and stained with hematoxylin-eosin (HE). Heads were 
similarly prepared but sectioned at 10Sm. For 20dpf fish, bodies were fixed in 4%PFA, 
dehydrated in graded series of ethanol (50-100%), pre-infiltrated in Technovit7100 with 
dimethylsulfoxide and embedded by adding barbiturate acid. 3-5 Sm thick sections were 
prepared and stained with Richardson. 
 For immunohistochemistry, sections were deparaffinized in xylol, rehydrated in 
graded series of ethanol (100-30%), washed in PBS and endogenous peroxidase was 
blocked by treating the sections with a ready solution of H2O2 (Lab Vision, Fremont CA) 
for 5 min. Antigen retrieval was performed in 0.01M citrate buffer, pH 3.0, in a 
microwave oven for 15 min. Unspecific binding was prevented by incubating the sections 
in 1% skimmed milk in PBST for 1hr. The primary antibody against CYP19A2 (rabbit 
polyclonal against the sequence YPRAQNSNGETADNRTSKE) was diluted 1:750 in 
supermix (0.25% gelatine in PBST) and sections were incubated at room temperature 
(RT) overnight. Next day sections were washed 3x10 min in PBST and incubated with 
secondary antibody for 1.5 hrs at RT (goat anti rabbit HRP 1:100 in supermix- DAKO 
Cytomation, Baar Switzerland). After washing for another set of 3x10 min in PBST, 
sections were developed with a ready diaminobenzidine (DAB) solution (DAKO) for 3-5 
min, rinsed in PBST, dehydrated in graded series of ethanol (30-100%) and coversliped 
with DEPEX. Micrographs were taken using a Zeiss Axioplan microscope connected to a 
Nikon Digital Sight DS-U1 camera. Drawings were prepared based on the zebrafish brain 
atlas of Wullimann et al., 1996 (Wullimann, 1996) 
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Immunofluorescence 
 For our immunofluorescence studies sections were prepared as above with the 
only difference that antigen retrieval was performed in 0.01M citrate buffer, pH 6.0. For 
the double anti HuC/D (Molecular Probes, Eugene, OR) and CYP19A2 staining, primary 
antibodies were combined at a concentration of (1:300) and (1:600) respectively for a 
2hour incubation, after which sections were incubated with a biotinylated anti-mouse 
antibody (1:200) for 30 minutes, followed by incubation with Streptavidin coupled to 
Texas Red (1:1000) and anti-rabbit coupled to FITC (1:200) and finally mounted with 
Vectashield (Vector Labs, Burlingame, CA). All secondary antibodies were purchased 
from Jackson ImmunoResearch, Cambridgeshire, UK. For the double BLBP (Abcam, 
Cambridge, UK) and CYP19A2 staining, we had to overcome the problem of having two 
polyclonal antibodies. This was achieved by incubating the sections overnight with BLBP 
(1:1000), followed by incubation for 30 minutes with an anti-rabbit HRP linked antibody 
(DAKO) the next day and amplifying the signal with the TSA-Cy3 kit (PerkinElmer, 
Rodgau-Jügesheim, Germany) and finally followed by CYP19A2 immunohistochemistry 
as described above. Images were taken with a Nikon eclipse800 microscope equipped 
with a Hamamatsu C4742-95 camera using Openlab, and processed with Adobe 
Photoshop 6.0.  
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Figure 1: cyp19a2 expression in the head of 20dpf fish and histological evaluation of 
gonadal development. (A) Mean Normalized Expression (MNE) of cyp19a2 expression 
in 20dpf zebrafish. There are clearly two populations, namely the high and low 
expressing fish. (B) Histological evaluation of the gonadal status of these fish. The germ 
cells are represented mainly by gonial cells (arrows) possessing a rather homogeneous, 
basophilic cytoplasm with usually one, centrally located, nucleolus; the cytoplasm is 
restricted to a relatively small rim around the nucleus. These germ cells will probably 
differentiate into oocytes, since the gonads of juvenile zebrafish initially develop as non-
functional protogynic ovaries (Maack and Segner, 2003). However, since oocytes are not 
yet present, these gonads were classified as undifferentiated. Scale bar 50Sm. 
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Figure 2: Ontogeny of cyp19a2 mRNA levels in the brains of juvenile zebrafish. Fish 
were collected throughout the process of gonadal differentiation (30, 35, 40, 45, 50dpf) 
and the heads were used for RNA extraction and quantification of cyp19a2 transcript 
abundance, while the bodies were kept for histological evaluation of gonadal status. 
Males are represented as black filled circles, females as crosses and animals undergoing 
transition from stage I oocyte to testis as black filled triangles. At 50dpf, transcript levels 
were significantly higher compared to all other stages (Wilcoxon test). The results are 
expressed as “Mean Normalized Expression” (Muller et al., 2002) ±SD. Gene levels were 
normalized against 18S.  
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Figure 3: Gonadal histology of sexually differentiating zebrafish. (A) early ovary 
containing only immature stage I oocytes of the perinucleolar stage (arrows); (B) early 
ovary undergoing transition to testicular tissue, with degenerating oocytes (arrows) and 
spermatogonial cysts (double arrow); (C) progressed ovary with perinucleolar (arrows) 
and cortical alveolar (double arrows) oocytes; (D) testis. Scale bar 50Sm
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Figure 4: Differences in CYP19A2 staining intensity among female and male 40dpf 
zebrafish. Both micrographs depict the area surrounding the ventral zone of the 
periventricular hypothalamus. (A) and (C), high expression of aromatase in a female (A) 
and male (C) fish. (B) low expression in a female and (D) male 40dpf fish. Scale bar 
50Sm
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Figure 5: CYP19A2-ir cells in the telencephalon (A,B) and diencephalon (C,D) of 40dpf 
zebrafish. (A) Parvocellular preoptic nucleus (PPa); (B) Magnocellular preoptic nucleus 
(PM)/optic chiasm (CO)/optic tract (OT)/suprachiasmatic nucleus (SC); (C) ventral zone 
of periventricular hypothalamus (Hv)/pituitary (Pit); (D)caudal zone of periventricular 
hypothalamus (Hc). Scale bar 50Sm. 
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Figure 6: CYP19A2-immunoreactivity in the telencephalon (A-F), diencephalon (G-K) 
and cerebellum of 40dpf and 50dpf zebrafish (GL) glomerular layer of olfactory bulbs; 
(MOT) medial olfactory tract; (Vv) ventral nucleus of ventral telencephalic area; (Vd) 
dorsal nucleus of ventral telencephalic area; (PPa) parvocellular preoptic nucleus anterior 
part; (OT) optic tract; (PM) magnocellular preoptic nucleus; (PPp) parvocellular preoptic 
nucleus posterior part; (VM) ventromedial thalamic nucleus; (SC) suprachiasmatic 
nucleus; (CO) optic chiasm; (ZL) zona limitans; (ATN) anterior tuberal nucleus; (PTN) 
posterior tuberal nucleus; (Hv) ventral zone of periventricular hypothalamus; (Hc) caudal 
zone of periventricular hypothalamus; (Hd) dorsal zone of periventricular hypothalamus; 
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Figure 7: Immunofluorescence staining with anti-CYP19A2 and anti-HuC/D. (A) detail 
from the anterior part of the parvocellular preoptic nucleus (PPa). CYP19A2 stains the 
cells lining the diencephalic ventricle (DiV) while anti-HuC/D stains the surrounding 
neurons. Scale bar 10Sm. (B) the anti-CYP19A2 antibody stains cell bodies in the area 
surrounding the ventral zone of the periventricular hypothalamus (Hv), and their 
processes that run down to the border of the brain which comes in contact with the 
pituitary (Pit). The cell bodies that are stained within the ventral zone of the 
periventricular hypothalamus (Hv) differ morphologically from the rest in the 
surrounding area as they are more elongated. Scale bar 15 Sm. 
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Figure 8: Double immunofluorescence for CYP19A2 and BLBP. (A-C) Most of the cells 
that surround the telencephalic ventricle (TelV) at the level of the dorsal nucleus (Vd) of 
the ventral telencephalic area that are positive for CYP19A2 are also positive for BLBP, 
with some exceptions (arrows). (D-F) The majority of the cells in the posterior tuberal 
nucleus (PTN) and at least some levels of the ventral zone of the periventricular 
hypothalamus (Hv) are double positive. (G-I) The part of the Hv that comes in contact 
with the pituitary is not double labeled (arrow in I). Scale bar 10Sm
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